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Measuring the Josephson plasma resonance in JBr,CaCu,Og using intense coherent
THz synchrotron radiation
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Infrared (IR) spectroscopy has been employed to investigate tieds reflectivity of BpSr,CaCyOg in the
sub-THz frequency region. In order to reach this challenging frequency range a synchrotron source has been
employed. Working in a special low-momentum compaction mode of operation where the electron bunch shape
is significantly shortened and distorted, stable broadband cohsigrgrradiantvery far-infrared radiation is
produced with orders of magnitude more intensity than conventional thermal and synchrotron sources. Using
this source for reflectivity measurements we have been able to observe the Josephson plasma f@Béhance
in optimally doped BjSr,CaCyOg. Evidence is found for an inhomogenous distribution of superfluid density
within the sample. This source allows us to investigate charge dynamics in this extremely anisotropic super-
conductor, and opens up the possibility to study other highly correlated systems in this critical low-energy
region.
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The terahertaTHz) and sub-THz region of the electro- height, so full-bunch coherent emission is at wavelengths
magnetic spectrum lies between the infrared and the micraseyond the waveguide cutoff and is therefore suppressed.
wave. This boundary region is beyond the normal reach offhe first observations of CSR from storage rings were of
optical and electronic measurement techniques associatefiasichaotic bursts of intensity caused by density modula-
with these better-known neighbors. Only over the past detions in unstable electron bunch&<® While studies of this
Cade haS th|S THz I’egion become SCientiﬁca”y aVailabIe Wiﬂ"bursting phenomenon have provided g"mpses into the pow_
moderate intensity broadband sources produced by ultrafagis gvajlable with CSR, the unstable nature of the emission
laser pulges incident on biased semiconductors or nonlinegkakes this a problematic THz source for scientific measure-
crystalsl.' Recently, a much higher power source of THZ nants Recently, stable CSR has been produced with a stor-

radiation was demonstrated: coherent synchrotron radlatlogtge fing at the BESSY synchrotron faciliyThis feat was

(CSR).2 Besides offering high power, CSR enables broad-_ >, - : -
band optical techniques to be extended to nearly the micr achieved by shortening the electron bunches to a point where

wave region, and it inherently has subpicosecond pulses nge CSR itself feeds back on other electrons in the hunch,
glon, y P P ~.Causing a distortion of the longitudinal bunch profile to a

a result, new opportunities for scientific research and appli- . S . Lo
cations are enabled across a diverse array of disciplines: co Ton-Gaussu'?m distributioft. This skewed distribution has
her Fourier components and therefore allows CSR pro-

densed matter physics, medicine, manufacturing, and spa , . ) .
and defense industries. CSR will have a strong impact ofjuction to higher frequencies than the nominal bunch length

THz imaging, spectroscopy, femtosecond dynamics, and/ould allow. . .
driving novel nonlinear processésiere we present the first ~ Figure 1 shows a log-log plot of the measured intensity
CSR scientific experiment in which we take advantage of théPectrum of the CSR produced at BESSY along with two
ultralow-frequency radiation to make optical reflectivity other conventional sources used for infrared measurements.
measurements of theaxis Josephson plasma resonance inBelow 20 cm* both the Hg arc lamp and Globar source
the highly anisotropic, optimally doped high-temperature sudecrease strongly, and are below our detection limit at
perconductor BiS,CaCuyOg. ~7 cm L. It is worth noting that a typical transmission or
CSR is emitted by bunches of accelerated charged pareflectance measurement requires additional mirrors, win-
ticles when the bunch length is shorter than the wavelengtbows, and the sample itself all of which attenuate the signal
being emitted. When this criterion is met, all the particlessuch that the practical cut-off frequency will be a factor of
emit in phase, and a single-cycle electromagnetic pulse re2—3 times higher. In contrast to the conventional sources the
sults with an intensity proportional to the square of the num-CSR intensity increases below 20 th and is nearly four
ber of particles in the bunch® It is this quadratic depen- orders of magnitude larger at 7 crh Even higher intensi-
dence that can produce colossal intensities even with fairljies may be obtained while still remaining below the bursting
low beam currentd.Until recently CSR has not typically instability threshol& by tuning the electron bunch proftfe
been observed in synchrotron storage rings because the elesnd optimizing the spectrometer optics for longer wave-
tron bunch lengths are longer than the vacuum chambdengths. The current profile was chosen such that the signal
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Frequency (cm') FIG. 2. (Color) Measuredc-axis polarized near-normal reflec-

tivity of Bi,Sr,CaCyOg (upper panel for various representative
temperatures at or below the superconducting transition tempera-
re, T.. A resonance that shifts with temperature and disappears
%oveTc is clearly observed. The lower panel shows the calculated
reflectivity of a superconductor with a shifting Josephson plasma
resonance. The inset of the top panel shows the temperature depen-

the CSR source below 20 cthis a real effect of t_he CSR EMISSION * yance of the unscreened superfluid plasma frequency as determined
process, the drop-off at the low-frequency end is due to a comblnaf-rom fits to the data

tion of diffraction losses in the optical path of the beamline and the
put-oﬁ; of the optical components, such as the Mylar beam splitter e energy scale of the Josephson plasma edge is directly
in the interferometer. related to the degree of anisotropy of the material. In nearly
all families of high-temperature superconductors the plasma
to noise of the sample in reflectance mode was with2%  resonance has been observed with reflectance measurements
at 7 cmi L. The decrease in the CSR signal below 5¢ris  in the far-infrared frequency randge.The most notable ex-
most likely not intrinsic to the source, rather due to opticalception is in the extremely anisotropic ,8irbCaCyOg
elements in the beamline/spectrometer, the response of thehere at optimal doping the plasma edge has not been de-
detector, and/or diffraction cutoff of the beamline collectiontected. By overdoping this compourtdith Pb), and hence
optics. lowering the anisotropyandT.), a plasma edge in the re-
Using the broad, high power, sub-THz spectrum shown irflectance has been seen near 40 &nf Additionally, in the
Fig. 1, we have been able to extend traditional infrared reunderdoped compounds a resonance is observed in magneto-
flectivity measurements on the high- cuprate supercon- absorbtion experiments in the microwave region, usually at-
ductor B,SKL,CaCyOg down to lower frequencies than pre- tributed to oscillations of the Josephson plasfi&.in opti-
viously possible. When the electric field is polarized parallelmally doped samples, sphere resonance experiments found
to thec axis, we clearly observe the development of a subno evidence of a resonance down to 7.5 ¢’ while time
THz plasma edge in the reflectanceTat T.. The origin of  domain THz transmission measurements of a thin film have
the c-axis charge transport in the superconducting state iseen a resonance in the range of 7-12 tif However,
Josephson tunneling of Cooper pditsihe crystal structure analysis of the latter feature was complicated due to the un-
provides a microscopic  superconducting-insulating-conventional optical setup. In the present experiment reflec-
superconducting junction. In the normal state charge trangivity measurements on optimally doped ,Br,CaCyOg
port between Cu@planes may be blocked by intermediate (T.=90 K) down to 4 cm® show the clear development of
insulating Bi-O layers. However, in the superconductinga plasma edge at<T, attributed to the Josephson plasma
state the Josephson effect allows for a charge current amgsonance. An analysis of the reflectivity spectrum yields an
hence three-dimension&BD) superconductivity. The inter- unscreened plasma frequency of 74¢mand hence a
pretation of Josephson tunneling as the source of the chargeaxis penetration depth,=21 um. Additional evidence is
transport has been experimentally verified by observation ofound for an inhomogeneous distribution of superfluid den-
both DC and AC Josephson effect in,Bi,CaCyOg.2* The  sity within the sample.
minimum observed in the reflectance @<T, is the Specular reflectance in the sub-THz region can be com-
screened Josephson plasma frequency and holds importaplicated if the wavelength of the probing radiation
information about the rigidity of the superconducting state(~1 mm) approaches the sample size. Since achieving a
along thec axis. single crystal of high-temperature superconductors with

FIG. 1. (Color) Measured far-IR intensity for the BESSY CSR
source, compared to conventional Hg arc lamp and Globar source:
These intensity measurements were performed with an open samp
path in the Bruker 66Vv/S FTIR interferometer, aufn Mylar beam
splitter, and the 1.6 K Si bolometer detector. While the turn-on of
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c-axis dimensior=>1 mm is difficult, a single crystal with GHz
largeab face was broken and assembled into a mosaic with & 150 200 250 300 350
net c-axis length of~8 mm. While this circumvents prob- 008l il

lems of diffraction effects, additional complications arise due
to reflection from the epoxy that binds the individual crystals
together. To account for this contribution to the measured
reflectance the area of epoxy showing was estimated and th
experimental reflectance was corrected accordingly. Mea:
surements were performed with a Bruker 66v/S vacuum Fou®
rier transform spectrometer, a®6m mylar beam splitter, and 0.4
an IR Laboratories Si bolometer detector operating at 1.6 K=
and outfitted wih a 5 mmdiameter exit aperture Winston
cone. The radiation source was a special low-alpha bunct
compression mode of the BESSY storage Hngith a rms
bunch length of 1.3 mm and between 10 and 20 mA of beam
current evenly distributed over all RF buckets. Every sample
measurement was interspersed with open reference chann 090
measurements to account for any changes in the CSR sourc P
properties. Absolute values of the reflectivity were obtained Frequency (cm’)
Y CoAlng I Sampln Sl ih & i 1 0013310 1.3, oss fnci (1) coresponding 0 h opet
The top panel of Fig. 2 shows the experimental reerCtiV_mental .reflectlwty at 95 K(thin line) and.15 K (thick line). Also
ity in the sub-THz region on a logarithmic frequency scale. Itshown is the loss function for the two fluid model used to fit the 15

. ful ) h | Blick K reflectance(dashed ling The 95 K data are low and relatively
is useful to examine the normal state spectrum at 9bl&c featureless, giving an estimate for the influence of noise in the

curve to discuss the signal to noise in different frequencyyefiectance data. While both the model and data at 15 K show a
regions. On the high-energy side of the spectrum the signalrong absorption peaked just below 9 cheritical differences ex-
to noise is*=5%. This is due to the relatively low intensity jst. The model has the expected Lorentzian lineshape but the ex-
of the source at these energiege Fig. 1. The largest noise perimental data are asymmetric and much broader. This asymmetric
is in a small band near 20 ci, where the uncertainty is broadening may be a signature for a distribution in the strength of
+10 %. This arises from 50 Hz electrical noise coupling tothe superfluid density throughout the sample.
the stored electron beam and/or the beamline. The Fourier
transform interferometer modulates this to the frequencyhe reflectivity of the sample is calculated using this two-
range near 20 cm'. Most significant is the relatively small fluid model. The magnitude and both the frequency and tem-
error of better than= 2% in the very low frequency randé. perature dependence of the data in the top panel are well
Hence, the best response of the CSR measurement is thecounted for.
most inaccessible region for traditional infrared sources. Using the above model to fit the data we are able to ex-
In contrast to the nearly flat and featureless spectrum dract the value of the unscreened Josephson plasma fre-
T=T,, the R(w) spectra al <T, shows a strong depen- quency. At 15 K we obtain a value of,s=74 cm ! (2.25
dence. BelowT, the spectrum has a shallow minimum fol- THz) which corresponds to e-axis penetration depth value
lowed by a strong rise in the reflectivity. At the lowest fre- of Ac=21 um. It is worth noting that the background reflec-
guency the spectra saturate to a constant value near unity. Aigity for this sample is anomalously high. This may in part
the temperature decreases in the superconducting state, bditt due to misalignment of the crystals in the mosaic which
the minimum and reflectance edge increase in frequency, aleads to a mixing of thea-axis andc-axis response. The
though this shift is nearly saturated by 15 K. The reflectanceesult of this high background is an overestimationeof
edge in the superconducting state signals the flow of supetdsing the location of the reflectance minimum in our raw
currents along the axis. As the density of superfluid in- data and a value of,,=12 obtained from a previous single
creases as the temperature is lowered, the reflectance edgystal measuremefitresults iNvps=35 cm ! (1 THz) and
shifts to higher frequencies. These strong changes in the ra-.=45 um. A similar value was obtained from,(w), gen-
flectivity at T<T, are a result of the Josephson plasma resoerated from a Kramers-Kroni¢KK) transformation of the
nance. R(w) data. The complete temperature dependence of the Jo-
The minimum observed in the reflectivity corresponds tosephson plasma frequency is summarized in the inset of the
the screened plasma frequency of the superconducting cartiep panel of Fig. 2. The plasma frequency rises quickly be-
ers. The unscreened plasma frequency is giveniy low T, and is nearly saturated at the low temperature limit
= \e..vmin Where e,, corresponds to the dielectric constant by T,/2.
which reproduces the constant reflectanc@afl .. A mini- These results are consistent with the doping dependence
mal model that can account for the finite reflectivity at theof A.. A smaller value ofA=12.6 um has been obtained
plasma minimum and the rounding of the top of the plasmdor overdoped Bj Pk, ,Sr,CaCyOg, Where the anisotropy
edge incorporates a second electronic component consistirig weaker and this value is therefore expected to be I&wer.
of an over damped plasmdfln the bottom panel of Fig. 2 Likewise, microwave results of more anisotropic underdoped
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Bi,Sr,CaCyOg reveal a correspondingly higher value of electronic state in BSr,CaCuyOg.2%?’ Future studies, espe-
Ae~110 um.*® As in nearly all cuprate families the super- cially on the doping dependence, may yield valuable infor-
fluid density (and hence\,) changes most rapidly in the mation on the extent of these inhomogeneities and their im-
underdoped to optimally doped region, while smallerpact on superconductivity.
changes occur at higher doping levéls. The production of stable, high power, coherent synchro-

Further analysis of the frequency dependence of the JPHon radiation at sub-terahertz frequencies opens a new re-
may yield information about properties of the superfluid9'on N the electromagnetic spectrum to explore physical
within the CuQ planes?* Recent studies of the JPR for a properties of materials. Just as conventional synchrotron ra-
s of L3 55U, ystas i asong broadeningof 107 15 ben b0 [0 oy sl Eonerent o
the minimum inR(w) and corresponding asymmetry in the _ " = y 1€ y L

. . . o eries in terahertz science. We have demonstrated the ability

loss function for dopings where charge inhomogeneities ar

observed in the normal stateThese findings are accounted fo make absolute measurements of reflectivity with high pho-

for by considering a distribution of superconducting plasmatometrlc accuracy in this challenging sub-THz frequency

) . : -range. As an initial test of the feasibility of using CSR in
frequencies rather than the single value used in the two fluid . >~ . S )

. . Scientific applications, we have directly measured the Jo-
model. In Fig. 3 we show the loss function calculated from

. sephson plasma resonance in optimally doped
the reflectance spectrum at 15 K for,Bi,CaCyOg. Also . o .
shown is the loss function calculated from the two fluid Bi,Sr,CaCuy 0 for the first time. Our results bridge the gap

model used to fit the 15 K reflectance data. The model showts),etween the microwave magnetoabsorption experiments and

a Lorentzian lineshape. While the peak position of the datgonvenhonal far-infrared spectroscopy.
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